Nuclear factor-B (NF-B) controls genes involved in normal lymphocyte functions, but constitutive NF-B activation is often associated with B cell malignancy. Using highthroughput whole transcriptome sequencing, we investigated a unique family with hereditary polyclonal B cell lymphocytosis. We found a novel germline heterozygous missense mutation (E127G) in affected patients in the gene encoding CARD11, a scaffolding protein required for antigen receptor (AgR)-induced NF-B activation in both B and T lymphocytes. We subsequently identified a second germline mutation (G116S) in an unrelated, phenotypically similar patient, confirming mutations in CARD11 drive disease. Like somatic, gain-of-function CARD11 mutations described in B cell lymphoma, these germline CARD11 mutants spontaneously aggregate and drive constitutive NF-B activation. However, these CARD11 mutants rendered patient T cells less responsive to AgR-induced activation. By reexamining this rare genetic disorder first reported four decades ago, our findings provide new insight into why activating CARD11 mutations may induce B cell expansion and preferentially predispose to B cell malignancy without dramatically perturbing T cell homeostasis.
NF-B represents a family of transcription factors that governs key proliferation, antiapoptosis, and immune function genes in lymphocytes (Lenardo and Baltimore, 1989; Vallabhapurapu and Karin, 2009) . Overactive NF-B is often associated with B cell malignancy (Staudt, 2010) . For example, constitutive NF-B activity in the activated B cell-like (ABC) subtype of diffuse large B cell lymphoma (DLBCL) can result from somatic mutations in various genes including CD79B, MYD88, TNFAIP3, and CARD11 (Shaffer et al., 2012) . For B and T lymphocytes, CARD11 acts as a critical signal transducer from the cell surface antigen (Ag) receptor (AgR) to the cytoplasmic IB kinase (IKK), which in turn activates the canonical NF-B pathway (Thome et al., 2010) . Gain-of-function, somatic CARD11 mutations described in DLBCL specifically localize to the coiled-coil (CC) region of the protein and mimic a chronic BCR signal for NF-B activation, without requiring Ag stimulation (Lenz et al., 2008a; Davis et al., 2010) . Such somatic activating mutations are relatively common in a variety of DLBCL tumors, suggesting CARD11 may be a particularly important target gene in the progression of B cell B cells in P2 and P3 were significantly elevated in the blood (Table 1) . Histological examination of archival P1 spleen, lymph node, and appendix tissue showed florid follicular hyperplasia, containing numerous primary follicles with prominent mantles and marginal zones but few germinal centers (GCs; Fig. 1 D) . P2 and P3 tonsillectomy tissue revealed similar follicular hyperplasia, atrophic GCs, and expanded mantles containing an excess of IgD + naive B cells. However, the number and distribution of CD3 + T cells was normal (Fig. 1 E) . Molecular analyses of IgH rearrangements confirmed that B cells from P1 (from childhood splenectomy), P2, and P3 were polyclonal (not depicted).
We subsequently identified an unrelated patient (P4) with similar B cell lymphocytosis, splenomegaly, and lymphadenopathy. Like P2 and P3, we noted a significantly reduced percentage of CD27 + memory B cells and an excess of immature CD10 + B cells in the blood (Table 1) . P4 was adopted from China at age 4; family history is unavailable. P4 has experienced more frequent infections including bronchitis, pneumonia, otitis media, and Molluscum contagiosum (see Supplemental text) , suggesting that immunodeficiency may be more pronounced in P4 compared with P2 and P3. Similar to P2 and P3, P4 did not mount effective antibody (Ab) responses to pneumococcal infection or meningococcal vaccine (Table S1 ). We also observed an elevated number of CD8 + T cells and NK cells in P4 (Table 1) , likely resulting from a chronic active EBV infection. Unlike the other patients, P4 exhibits some evidence of autoimmunity with auto-Abs (antinuclear Abs, anti-C3, and antineutrophil Abs; see Supplemental text) and autoimmune neutropenia. IgM and IgA titers were within normal ranges, whereas IgG titers were slightly increased (Fig. 1 C) . No tissue samples were available for further analysis.
Elevated output of transitional B cells from the bone marrow partially accounts for peripheral B cell accumulation
Elevated numbers of peripheral blood B cells expressing markers such as CD5 and CD10 suggested an expansion of immature/transitional B cells in these patients. Further phenotyping revealed that CD10 + B cells uniformly expressed CD21 and intermediate/high levels of CD24 and CD38 (Fig. 2 A) , indicating the majority of these cells resemble a transitional T2/T3-like phenotype (Palanichamy et al., 2009) . These data suggest that increased output of immature B cells from the bone marrow may partially account for their B cell lymphocytosis, similar to patients undergoing hematopoietic stem cell transplant or B cell depletion therapy (MarieCardine et al., 2008; Palanichamy et al., 2009) . We next asked whether peripheral B cell accumulation in these patients could result from increased survival or cell turnover. We found that B cells purified from patients' peripheral blood actually died faster relative to controls ex vivo, consistent with poorer survival noted in transitional B cells (Fig. 2 B) . Although stimulation with anti-IgM alone or in combination with the B cell survival factor BAFF (B cell-activating factor) oncogenesis (Lenz et al., 2008a; Montesinos-Rongen et al., 2010; Dong et al., 2011) . However, neither germline-encoded CARD11 mutations nor similar somatic mutations restricted to T cell malignancies have been described to date. How activating mutations in genes involved in NF-B signaling like CARD11 might selectively predispose to B cell malignancy remains poorly understood.
In this study, we describe the first known germline mutations in CARD11 in four patients with congenital lymphoid hyperplasia driven by excessive, polyclonal accumulation of B lymphocytes but not T lymphocytes. Approximately half of circulating B cells maintain a transitional (T2/T3) phenotype, suggesting that the output of immature B cells from the bone marrow is elevated. We demonstrate that these dominant missense mutations (E127G and G116S) drive constitutive activation of NF-B in both B and T cells. In contrast to their B cells, however, patient T cells are relatively hyporesponsive upon in vitro stimulation. Our findings identify the underlying genetic cause of a novel hereditary B cell disorder and reveal a potential molecular explanation for why CARD11 mutations may predispose to B but not T lymphoid malignancy.
RESULTS

Novel disease in patients with splenomegaly and polyclonal B cell lymphocytosis
We first investigated a family with a unique form of hereditary polyclonal B cell lymphocytosis (Fig. 1 A; see Supplemental text for detailed case reports). Patient 1 (P1) first presented with splenomegaly and B cell lymphocytosis in infancy (Darte et al., 1971) , which persisted into adulthood. When he first entered our study in 2006, we detected a monoclonal expansion of CD20 dim , IgM/IgD dim , CD5 hi B cells (absolute count >105 × 10 3 /µl), consistent with a diagnosis of B cell chronic lymphocytic leukemia (B-CLL). P1 received hematopoietic stem cell transplantation and has remained healthy since 2007. The parents and four sisters of P1 have no history of similar disease (Fig. 1 A) .
P2 and P3 both exhibit the same childhood disease as their father (P1; Fig. 1 A) . Despite some recurrent sinus and middle ear infections, both patients are healthy and have no evidence of autoimmunity (see Supplemental text). Notably, both patients failed to generate robust responses to polysaccharide-based vaccines (Table S1 ). Flow cytometric analysis revealed dramatic elevations of IgM + IgD + CD19 + , CD20 + B cells in P2 and P3 peripheral blood, whereas T cell numbers were generally within normal pediatric ranges ( Fig. 1 B and Table 1 ; Rosenberg et al., 1991; Shearer et al., 2003; Piątosa et al., 2010) . We did note a slightly elevated proportion of CD4  CD8  double-negative (DN) T cells in these patients, as well as a substantially reduced number of CD45RO + memory T cells in P3 (Table 1) . Although the percentage of memory (CD27 + ) and class-switched B cell numbers was decreased, only serum IgM titers were slightly below normal ranges (Fig. 1 C) . Strikingly, CD10 + immature/transitional 2249 replication history of control and patient B cells (Fig. 2 C; van Zelm et al., 2007) . Ki-67 staining in P2 and P3 tonsil sections confirmed that proliferating cells were primarily restricted to GCs as noted in the control, with a low, comparable number of dividing cells seen in the follicular mantles induced blastogenesis and improved B cell survival overall, the faster decline in percentage of viable patient cells remained comparable (not depicted). Quantification of -deletion excision circles (KRECs) in sorted mature, naive, and transitional B cells revealed no significant differences in the in vivo This novel E127G mutation in CARD11 was implicated as the leading disease-causing candidate for several reasons. First, E127G was the only unique mutation shared by P1, P2, and P3 found in a gene expressed exclusively in lymphocytes. We found no other dominant, gain-of-function mutations in these patients that were not reported in the database of common single nucleotide polymorphisms (dbSNP). Second, E127G CARD11 is highly likely to be pathological based on mutation prediction algorithms (PMUT score = 0.838, MutationTaster probability score = 0.997; Ferrer-Costa et al., 2005; Flagella et al., 2006) . Finally, this amino acid substitution lies in proximity to several somatic gain-of-function, CC region mutations known to drive constitutive NF-B activation in DLBCL (Lenz et al., 2008a) . In mice, constitutive activation of NF-B at the level of IKK- causes mature B cell hyperplasia and independence from the normally limiting B cell survival factor, BAFF (Sasaki et al., 2006) . We therefore hypothesized that the germline CARD11 E127G mutation could cause excessive accumulation of mature B cells in our patients via constant NF-B hyperactivation.
We subsequently subjected purified P4 B cells to RNASeq analysis, which revealed a different heterozygous missense mutation in CARD11 (Fig. 3 A) . This mutation (G116S) was previously described as a gain-of-function somatic mutant (referred to as mutant 3) in a DLBCL tumor (Lenz et al., 2008a) , also located at the N-terminal end of the CARD11 CC domain (Fig. 3 B) . This mutation was detected in B cells, T cells, and buccal swabs from P4, suggesting it is also present (Fig. 2 D) . Importantly, CD10 expression was also restricted to the GC in P2 and P3 tonsillar sections (Fig. 2 D) , suggesting IgD + patient B cells that reach peripheral lymphoid compartments down-regulate CD10 as expected as maturation is completed in the follicle. Our findings collectively suggest that B cell lymphocytosis in these patients is driven in part by abnormally high production of B cells in the bone marrow and not by increased survival or turnover of circulating B cells.
Discovery of germline CARD11 mutations in affected patients
Based on the inheritance pattern observed in patients 1-3, we hypothesized that a single autosomal dominant gene accounted for polyclonal B cell lymphocytosis in this family. Using massively parallel mRNA sequencing (RNA-Seq), we searched for shared mutations in the B cell transcriptome from P2 and P3. Bioinformatics analyses identified a novel heterozygous missense mutation (735A→G) in exon 5 of CARD11 present in all three affected patients (Fig. 3 A) . This mutation substitutes a glycine for a phylogenetically conserved glutamic acid residue (E127G) in the N-terminal portion of the CC domain of the CARD11 protein (Fig. 3 B) . This mutation was confirmed in genomic DNA from lymphocytes (P1/P2/P3), buccal swabs (P2/P3), and fibroblasts (P1), indicating germline transmission. The mutation was absent in the mother of P2/P3, the 4 sisters of P1, and 100 normal unrelated individuals (not depicted). Lenz et al., 2008a) . Similar results were obtained with both mutants when expressed in WT Jurkat T cells (not depicted). These data suggest that both CARD11 mutants aggregate spontaneously in active signaling clusters with BCL10 and MALT1 in lymphocytes.
To definitively test whether E127G CARD11 induces NF-B activation, we expressed it in CARD11-deficient JPM50.6 T cells containing an NF-B-driven GFP reporter (Wang et al., 2002) . Transfection of E127G CARD11 resulted in an increased proportion and mean fluorescence intensity (MFI) of GFP + cells relative to WT, reflecting constitutive NF-B activation comparable with several somatic DLBCL-derived CARD11 mutants described previously, including G116S (Fig. 3 D, left; Lenz et al., 2008a) . Similar results were obtained in the BJAB B cell line, using the endogenous NF-B-dependent marker gene CD83 (Fig. 3 E ; Lenz et al., 2008a) . Western blots showed comparable expression of the various WT and mutant CARD11 proteins (Fig. 3, D and E, in the germline. Thus, our identification of a separate germline mutation in P4 strongly suggests that gain-of-function mutations in CARD11 are the primary driver of disease in these patients.
Germline CARD11 mutants spontaneously aggregate and drive constitutive NF-B activation
Constitutive NF-B activity induced by somatic CARD11 CC mutations is related to spontaneous multimerization of CARD11 and assembly of a large signalosome, without requiring BCR engagement or CARD11 phosphorylation (Lenz et al., 2008a; Lamason et al., 2010) . We also found that ectopically expressed E127G CARD11 dramatically localized into large protein aggregates in BJAB B cells, in contrast to dispersed cytoplasmic distribution of WT (Fig. 3 C) . Furthermore, we noted significant colocalization of BCL10 and MALT1, two signaling partners required for CARD11-dependent NF-B activation, within E127G CARD11 clusters (Fig. 3 C) . As reported previously, G116S CARD11 also B cells in patient samples likely contributes to some of these expression differences. For other genes with much lower expression in patient cells (e.g., TNF and CD27), this pattern likely reflects a substantially lower proportion of memory B cells in the original patient sample. Nonetheless, these data collectively suggest that mutant CARD11 expression in B cells drives constitutive, canonical NF-B signaling with a similar, selective up-regulation of certain NF-B-dependent genes in all three patients.
We next assayed activation of purified naive B cells from patients and healthy controls in response to a variety of polyclonal stimuli. Patient B cell proliferation was generally increased relative to controls in response to IgM ligation ± anti-CD40 or BAFF (Fig. 5 A) . Mitogenic stimulation with IL-2 and Staphylococcus aureus Cowan strain 1 (SAC), which activates B cells via the BCR and Toll-like receptors, induced equivalent robust proliferation in control and patient B cells (Fig. 5 A) . Expression of the BCR and BAFF-R was comparable on control and patient cells (not depicted). Up-regulation of cell surface activation markers was generally comparable with controls, with slightly higher expression of CD25 (P2 and P3) or CD83 (P4) noted for certain stimuli (Fig. 5 B) . CD10 and CD38 expression did not remain stable on stimulated B cells (not depicted), making gating on transitional B cells over the course of the experiment unreliable. Considering that transitional B cells, which comprised a greater proportion of the patient B cell pool, are generally less responsive to BCR activation, these data suggest that active CARD11 signaling may enhance patient B cell activation. In contrast, we found that P2 and P3 B cells failed to differentiate into IgD  CD38 hi plasmablasts in vitro (Fig. 5 C) . Although a larger proportion of T2/T3-like B cells in patient samples may account for some of this difference, these data may also reflect intrinsic defects in patient B cell differentiation that may contribute to impaired generation of GCs or memory B cells. Indeed, Ig production was also decreased after P2 and P3 B cell stimulation (not depicted). Collectively, these findings demonstrate that constitutive NF-B activity driven by active, mutant CARD11 contributes to abnormal B cell homeostasis.
Mutant CARD11 and NF-B function in patient T cells
Similar to B cells, resting T cells from all three patients also exhibited evidence of CARD11 aggregation and elevated nuclear translocation of p65 (Fig. 6 A) . Altered expression of IB and p100 were also reflective of constitutive CARD11-driven NF-B signaling in P2 and P3 (Fig. 6 B) , whereas levels of phosphorylated IKK were variable. In P4, phosphorylated IKK was slightly elevated and IB expression was only slightly decreased, whereas p100 expression was lower right). Collectively, these data show that like G116S, E127G CARD11 is a dominant, gain-of-function mutant capable of inducing constitutive, AgR-independent NF-B activation in both B and T cell lines.
Mutant CARD11 and NF-B function in patient B cells
We next examined CARD11 expression and localization in the patients' primary naive B cells. Quantitative transcript analysis of the RNA-Seq data revealed that 46%, 48%, and 54% of CARD11 mRNA transcripts represented the mutant allele in P2, P3, and P4 B cells, respectively, reflecting heterozygous expression (not depicted). By immunofluorescence microscopy, we also observed CARD11 aggregates in patient naive B cells relative to controls, suggesting CARD11 E127G protein is expressed and capable of aggregating spontaneously in the patients' unstimulated B cells (Fig. 4 A, top) . We also noted significantly increased nuclear translocation of the Rel protein p65, a subunit of the classical NF-B complex, in patients' B cells compared with controls (Fig. 4 A, bottom) . Increased IKK phosphorylation, low steady-state IB expression, and elevated expression of p65-induced p100 (NFKB2) were also indicative of constitutive, canonical IKK signaling and increased canonical NF-B activity (Fig. 4 B) . Interestingly, an increased ratio of the p100 precursor to p52 in patient cells (Fig. 4 B) suggests alternative NF-B activation is unaffected or perhaps limited in the presence of active CARD11.
To compare gene expression in purified patient B cells relative to normal control B cell subsets, we performed hierarchical cluster analysis of RNA-Seq expression data (expressed as reads per kilobase per million mapped reads [RPKM] ). As shown in the dendrogram in Fig. 4 C, all three patients clustered together closely (Pearson correlation = 0.94), indicating a highly similar transcriptome expression profile. Patient expression profiles clustered more closely with resting or recently activated (3 h) B cells versus GC B cells. Compared with unstimulated resting B cells, we noted 1.5-2-fold higher expression of several signature NF-B target gene transcripts in patient B cells (Fig. 4, C and D) , known to be similarly up-regulated in DLBCL tumors harboring somatic CARD11 mutations, including cyclin D2, IRF4, and cFLIP (Davis et al., 2001; Lenz et al., 2008a) . Additional NF-B responsive genes were even more up-regulated in patient B cells (e.g., BIRC3, CD83, and REL), with certain NF-B responsive genes up-regulated to greater extent in P2/P3 (e.g., BCL-2) versus P4 (e.g., A20). However, the expression of other genes was comparable or lower than normal resting B cells (Fig. 3 D) . Although we did not have transcriptome data from normal, sorted transitional B cell subsets for comparison, the substantial proportion of CD10 + T2/T3-like in P4 T cells, relative to a matched control. TCR expression was comparable in controls and patients (not depicted). Although some of this difference may be attributed to a higher proportion of naive and/or DN T cells relative to controls (Table 1) , patients' memory T cells also failed to up-regulate TCR-induced activation markers (not depicted). These defects were largely rescued by stimulating with anti-CD2/ CD3/CD28 Abs coupled to beads, which provide a stronger co-stimulatory signal (Fig. 6 C; Boussiotis et al., 1994) . than the matched control (Fig. 6 B) . Variation in these markers for P4 may signify lower levels of NF-B activation in the presence of G116S CARD11 or skewed expression caused by the patient's active EBV infection.
In contrast to B cells, blastogenesis and up-regulation of T cell activation markers CD69 and CD25 were markedly decreased in purified patient T cells stimulated with soluble agonistic anti-CD3/CD28 Abs for 24-72 h (Fig. 6 C) . This defect in CD69 and CD25 up-regulation was less pronounced patient T cells failed to proliferate and secreted less IL-2 in response to soluble Ab stimulation (Fig. 6, F and G) . Activation with anti-CD2/CD3/CD28-coupled beads restored proliferation and IL-2 production in patient T cells, although P4 T cell responses remained significantly reduced relative to control T cells (Fig. 6, F and G) . Addition of exogenous IL-2 with soluble Abs also rescued patient (P3) T cell proliferation (Fig. 6 H) . Collectively, these data suggest patient T cells are rendered mildly anergic by chronic mutant We also observed decreased calcium flux in purified P3 and P4 T cells compared with controls after stimulation with anti-CD3/CD28 cross-linked with protein A (Fig. 6 D) , suggesting TCR signaling is impaired in the presence of active CARD11 mutants. Activated patient T cells expanded normally in the presence of exogenous IL-2 (not depicted), but we observed defective phosphorylation of extracellular signalregulated kinase (ERK) and JNK upon restimulation (Fig. 6 E) , consistent with an early TCR signaling defect. Strikingly, outright. Instead, in addition to the oncogenic potential of constitutive NF-B hyperactivation, germline CARD11 mutants may promote B cell malignancy by dramatically increasing the number of naive B cells that may undergo secondary genomic alterations and become malignant (Lenz et al., 2008b; Lenz and Staudt, 2010) , as exemplified in P1 (see Supplemental text). It is well established that genomic instability inherent in the GC reaction is a primary driver of mutagenesis and B cell transformation (Küppers, 2005) . Indeed, a monoallelic deletion of tumor suppressor genes located in chromosome 13q14.3, associated with 50% of B-CLL cases, was detected in P1 B-CLL cells and may have contributed to oncogenesis (see Supplemental text; Pekarsky et al., 2010) . However, preliminary evidence suggests that the P1 tumor does not harbor recurrent mutations recently associated with B-CLL (Fabbri et al., 2011; Puente et al., 2011) . Our studies are ongoing to determine the nature of secondary mutations in B-CLL tumor cells from P1 and the frequency of CARD11 mutations specifically in B-CLL.
Our analysis indicated patient B cells did not appear to proliferate excessively in the periphery, but instead may have accumulated from increased B cell output from the bone marrow, as indicated by elevated CD10 + transitional B cells in the blood and consistent with hyperplasia reported in P1 bone marrow (Darte et al., 1971) . Patients' peripheral blood B cells died more rapidly ex vivo, consistent with heightened sensitivity of transitional B cells to cell death (Palanichamy et al., 2009 ). However, survival of transitional and/or naive B cells that complete maturation in peripheral lymphoid tissues may have been enhanced, explaining the continuous increase in spleen size over time (Fig. 1 B) . This phenotype resembles mice expressing constitutively active IKK- in the B cell lineage, which results in accumulation of longer-lived, resting mature B cells that are no longer dependent on BAFF for survival (Sasaki et al., 2006) . BAFF normally acts as a sensitive limiting factor for controlling peripheral B cell numbers; indeed, excess BAFF in circulation is associated with higher B cell production, autoimmune disease, and B cell malignancy (Khan, 2009 ). However, neither serum BAFF levels nor surface expression of BAFF receptor (BR3) was elevated in our patients, suggesting B cell accumulation occurs independently of increased BAFF signaling through the alternative NF-B pathway. Increased levels of unprocessed p100 in patient cells further suggest the alternative NF-B activity is less engaged. Instead, we speculate that constitutive, canonical NF-B signaling via mutant CARD11 drives greater output of immature/ transitional B cells from the bone marrow and may activate prosurvival programs (e.g., BCL2 up-regulation) that permit the accumulation of noncycling and perhaps self-reactive CARD11 signaling (Chappert and Schwartz, 2010; Piątosa et al., 2010) .
We next tested whether ectopic expression of E127G CARD11 could render normal T cells hyporesponsive to AgR stimulation. Primary human T cells were transfected with WT or E127G CARD11 fused to GFP (Fig. 7 A) . Acute overexpression of CARD11 in primary human T cells resulted in elevated CD69 expression and IL-2 production (relative to GFP alone) before stimulation, which was more pronounced in cells expressing E127G versus WT CARD11 (Fig. 7, B and C) . Indeed, we observed some aggregation of WT CARD11-GFP (not depicted), suggesting spontaneous signaling can occur simply with overexpression. However, stimulation with either anti-CD3/CD28 Abs or anti-CD2/ CD3/CD28-coated beads induced proportionally less CD69 expression and IL-2 secretion relative to background in GFP + CARD11 transfectants, particularly for E127G (Fig. 7 , B and C; summarized in Fig. 7 D) . Proliferation of GFP + T cells in response to Ab-coated beads followed a similar pattern, despite lower T cell responsiveness in general after electroporation. In contrast to GFP + cells alone, cells overexpressing WT or E127G CARD11-GFP divided one to three times. However, the proportion of cells that underwent robust cell division (five to seven times) after stimulation was decreased in WT CARD11-GFP + cells and further reduced in E127G CARD11-GFP + cells (Fig. 7 E) . These data suggest that active CARD11 signaling resulting in constitutive NF-B activation diminishes the maximum T cell response to AgR stimulation, closely resembling the phenotype of mouse T cells expressing constitutively active IKK- (Krishna et al., 2012) . Thus our findings suggest that constitutive NF-B activity driven by germline-encoded, gain-of-function CARD11 mutants may be stimulatory in B cells but partially inhibitory in T cells, offering a molecular explanation for the abnormal expansion and potential for malignancy of B cells but not T cells in these patients.
DISCUSSION
In this study, we describe a novel congenital disorder featuring the first known germline mutation in CARD11 in a family affected by polyclonal expansion of naive B cells, splenomegaly, and potential predisposition to B cell malignancy (Darte et al., 1971) . A separate patient with highly similar disease manifestations harbors a germline G116S CARD11 mutation, which was previously characterized in DLBCL as a gain-of-function somatic mutation (Lenz et al., 2008a) . Although both mutations cause constitutive NF-B activity in unstimulated lymphocytes, our findings suggest that the germline mutation does not transform a B cell clone of increased apoptosis or exhaustion (e.g., increased PD-1 expression; unpublished data). Consistent with the classical two-signal paradigm of T cell activation, we speculate that T cell hyporesponsiveness in mutant CARD11 patients may reflect a mild form of anergy induced by a chronic AgR-like signal 1 driven by E127G CARD11 in the absence of a strong co-stimulatory signal 2 (Chappert and Schwartz, 2010) . Rescued proliferation in the presence of CD2 ligation or exogenous IL-2 lends credence to this model. In contrast, B cell proliferation can be triggered by BCR cross-linking alone, mimicked by mutant CARD11. Impaired T cell responses may be linked to increased infections in mutant CARD11 patients, particularly in P4.
Our findings logically suggest overactive CARD11/ NF-B signaling may skew lymphocyte development and function in favor of selective B cell expansion. However, we also observed defects in Ig secretion and plasma cell differentiation in vitro for P2 and P3 mature B cells. The presence of mutant CARD11 throughout B cell development may paradoxically enlarge the pool of transitional and naive B cells that are nonetheless hampered in their ability to differentiate and function beyond the naive stage, including maintenance of a memory B cell pool. We hypothesize mutant CARD11 signaling during thymocyte development may also select for hyporesponsive T cell clones. Defects in T cell help to B cells may partly explain the paucity of GCs and few autoimmune manifestations in P2 and P3 to date. In contrast, deficiencies in T cell-independent humoral responses to polysaccharide Ags reinforce the idea of intrinsic dysregulation of B cell immature B cells in vivo that would otherwise be deleted or anergized in response to chronic BCR engagement (Healy and Goodnow, 1998 ). It will be interesting to determine the extent of autoreactivity in the patients' B cell repertoire given that the transitional B cell stage is thought to represent a key negative selection checkpoint for self-reactive B cell clones (Carsetti et al., 1995) .
The fact that prominent lymphocytosis is largely restricted to the B cell compartment is surprising in our patients, because CARD11 mediates AgR-triggered activation of NF-B in both B and T cells (Thome et al., 2010) . Although a recent study reported that adoptive transfer of bone marrow cells expressing constitutively active CARD11 resulted in Th2-mediated inflammation in mice (Blonska et al., 2012) , we did not observe a similar phenotype in our patients. In fact, patient T cells were hyporesponsive to AgR stimulation and did not proliferate in vitro unless stronger co-stimulation was provided. A modestly elevated proportion of CD4  CD8  DN T cells in patient samples, which are typically unresponsive and die rapidly in vitro, cannot explain this phenomenon alone. More importantly, our investigation marshals clinical evidence consonant with conclusions from a recent study by Krishna et al. (2012) . They showed that chronic NF-B signaling, triggered by transgenic expression of constitutively active IKK- (ca-IKK-) in mice, also renders T cells hyporesponsive to Ag stimulation, including defects in calcium flux, ERK phosphorylation, induction of activation markers, proliferation, and IL-2 secretion. Unlike ca-IKK- mouse T cells, however, our patients' T cells did not show evidence Purified T cells were stained with 5 mg FITC anti-CD2, PE anti-CD69, and APC anti-CD25 before or after (24, 72 h) stimulation. Cells were subsequently washed in cold FACS buffer and acquired on an LSR-II flow cytometer (BD). Analysis was performed using FlowJo software (Tree Star).
B cell survival was measured ex vivo over 3 d by staining with Annexin V-FITC (BD) and propidium iodide (Sigma-Aldrich) to identify dying cells. Calcium flux was measured in T cells loaded with 5 µM Indo-1-AM calcium-sensitive dye (Invitrogen) in Ringers solution. The change in ratio of Indo-1 fluorescence emission was detected over time on an LSR-II flow cytometer.
IgH PCR analysis. DNA was extracted from peripheral blood using a Magtration System 8Lx (Precision System Science USA) or from formalinfixed paraffin-embedded tissue using a DNA FFPE Tissue kit (QIAGEN). PCR was performed using consensus primers to V H framework region (FR) II or III and joining region (J H ) of the IgH gene according to the method of Ramasamy et al. (1992) . PCR products were separated by standard acrylamide gel electrophoresis or capillary electrophoresis on an ABI 3130xl Genetic Analyzer with electropherograms analyzed using GeneMapper software version 4.0 (Applied Biosystems).
High-throughput RNA sequencing. RNA was isolated from purified B cells from P2 and P3 using an RNeasy kit (QIAGEN), and 1 mg RNA was used for constructing cDNA libraries. The standard Illumina Pipeline for RNA-Seq was used, using paired-end 108-bp runs with each sample run in one sequencing lane, yielding 20 million reads per sample. Sequences were mapped back to both RefSeq and Ensemble transcript models using the BWA algorithm, yielding a median resequencing coverage of 10×. Single nucleotide variants were reported that deviated from the human reference genome sequence (build 37), were observed in both sequencing directions, represented >20% of the resequencing coverage at a particular base pair position, and were not known single nucleotide polymorphisms in the dbSNP database of NCBI (build #131). A total of 110,004 and 106,444 putative single nucleotide variants were detected in samples from P2 and P3, respectively.
We filtered thousands of unique mutations from both datasets not reported in dbSNP to meet the following criteria: (a) >5× transcript read coverage to eliminate artifactual base changes, (b) nonsynonymous mutations in the coding region, (c) present in both P2 and P3, and (d) evidence of heterozygosity. Applying these criteria reduced the number of possible disease-causing mutations to 214 missense, 8 nonsense, and 54 frameshift alterations. Shared mutations were further prioritized according to their relative expression in B cells, restricted expression in lymphocytes, and relevance to B cell development and function, based on published literature. The presence of several candidate mutations in P1, P2, and P3 (but not in the mother of P2/P3) was checked using conventional Sanger DNA sequencing. Based on this prioritization scheme, top candidate mutations were identified in CARD11, INPP5D (SHIP-1), and TCF3 (E2A). Among these, only CARD11 is exclusively expressed in lymphocytes. Mutations in INPP5D (G244D and E334G) were scored as nonpathogenic polymorphisms (MutationTaster probability scores = 0.9986 and 0.9952). The G362D mutation in TCF3 was recently reported as a rare polymorphism in dbSNP (accession no. rs148928381). Therefore, E127G CARD11 emerged as the top disease-causing candidate mutation in P1-3. RNA-Seq data from P4 was subjected to similar analyses to reveal a germline heterozygous mutation (G116S) in CARD11.
Digital gene expression was calculated as reads per kilobase of exon model per million mapped reads (RPKM). Quantitative transcript analysis of the RNASeq data was performed using the TopHat alignment program, with redundant reads removed. Hierarchical cluster analysis was performed using Cluster 3.0 software, and heat map dendrograms were visualized using TreeView.
Cell sorting and KREC assay. PBMCs were stained with the anti-human mAbs FITC-conjugated anti-CD21 (Beckman Coulter), PerCP-Cy-5-5-conjugated anti-CD19 and PE-Cy7-conjugated anti-CD27 (eBioscience), responsiveness/function with mutant CARD11 present, even if more self-reactive clones escape negative selection in transitional stages. Further studies are required to distinguish the differential influence of E127G versus G116S CARD11 expression on AgR signaling in B and T cells, selective induction of NF-B-dependent genes, and lymphocyte development. Indeed, dynamic changes in these processes may also reflect a variable equilibrium in the translation and self-induced, ubiquitin-mediated degradation of different CARD11 mutants (Moreno-García et al., 2010) , although we did not observe abnormal CARD11 protein expression in our patients' cells.
In conclusion, our findings reveal the genetic basis of a hereditary disorder of B cell lymphocytosis first described in an unsolved case report four decades ago. Our study of these patients illuminates how AgR signaling must be regulated differently by CARD11 in B and T cells, even though the proximal signaling machinery is nearly identical. Because of the contrasting features in lymphocytes, we designate this condition "B cell expansion with NF-B and T cell anergy" (BENTA) disease. Although B cells are generally more susceptible to malignant transformation because of AID-induced genomic instability, the novel disease we describe here may help to explain the preponderance of B cell rather than T cell malignancies specifically associated with CARD11 activating mutations.
MATERIALS AND METHODS
Cells, tissues, and treatments. Patients were enrolled, and blood/tissue samples were obtained with informed consent through a protocol established by the Lymphocyte Molecular Genetics Unit and approved by the Institutional Review Board (IRB) of the National Institutes of Health (NIH). Experiments involving patients were performed at National Institute of Allergy and Infectious Diseases (NIAID), conforming to IRB protocol. Jurkat T cell (E6 and JPM50.6) and BJAB B cell lines were maintained in RPMI 1640 medium (Lonza) supplemented with 10% FBS, 2 mM glutamine, and 100 U/ml each of penicillin and streptomycin (Invitrogen). Tissue samples were obtained as prestained slides (P1) or as formalin-fixed paraffin-embedded specimens (P2 and P3 tonsil). Sections were stained with hematoxylin and eosin (H&E), anti-IgD (Dako), anti-CD3, anti-CD10, or anti-Ki67 (Dako) Abs for immunohistochemistry analysis. PBMCs were isolated from whole blood using Ficoll-Paque PLUS (Roche) density gradient centrifugation and ACK Lysis Buffer (Invitrogen). Naive B cells and total T cells were purified by negative selection using magnetic bead sorting kits (Naive B Cell Isolation kit II and Pan T Cell Isolation kit II; Miltenyi Biotec). Purity of negatively selected populations routinely exceeded 95%. B cell stimulations were performed in complete RPMI medium (see above) using SAC (Sigma-Aldrich) + 200 U/ml rIL-2 (PeproTech), 25 µg/ml anti-IgM F(ab) 2 (Jackson ImmunoResearch Laboratories, Inc.), 1 µg/ml anti-CD40, 200 ng/ml rBAFF, and/ or rIL-21 (R&D Systems). T cells were stimulated with 2 µg/ml each of anti-CD3 and anti-CD28 mAbs (BD) or MACS iBead particles (1:2 bead/ cell ratio) loaded with biotinylated anti-CD2, anti-CD3, and anti-CD28 Abs (Miltenyi Biotec) in complete RPMI.
Flow cytometry. Unless otherwise noted, all Abs were obtained from BD. Standard flow cytometry methods were used for cell surface staining and analysis of unstimulated cells. In brief, 0.5-1 × 10 6 cells were washed in cold FACS buffer (1× PBS, 1% FBS, and 0.1% sodium azide) and stained for 30 min on ice with appropriate Abs. B cells were stained before and after (72 h) stimulation with 5 mg FITC anti-CD86, PE anti-CD25, PE anti-CD83, or APC anti-CD19 Abs. For in vitro plasma cell differentiation, cells were stained with PE anti-IgD and FITC anti-CD38 10 d after stimulation.
Laboratories, NIAID, NIH). To create fluorescent fusion proteins, WT and E127G CARD11 were subcloned into the pCEFL-myc/Venus expression vector using EcoRI or into pmaxGFP (Lonza) using EcoRI and BamHI. JPM50.6 cells (5 × 10 6 /transfection) were transfected either with 5-10 µg DNA using a BTX Electroporator (BTX Harvard Apparatus, 260 V, 950 mF) or 5 µg DNA using an Amaxa 4D Nucleofector (kit SE, Program CL-120; Lonza). BJAB cells (5 × 10 6 /transfection) were transfected with 5 µg DNA using an Amaxa 4D Nucleofector (kit SF, Program EH-100). Primary human T cells were transfected with 4 mg DNA using an Amaxa 4D Nucleofector (kit P3, HF program for unstimulated T cells). Proliferation of CARD11-GFP + cells was measured using CellTrace Violet (Invitrogen) according to the manufacturer's instructions. ELISAs. Secreted IL-2 in the cell culture supernatant was quantified by ELISA, using the Ready-Set-Go Human IL-2 ELISA kit (eBioscience) according to the manufacturer's instructions. Absorbance at 450 nm was detected using a BioTek Synergy H1m microplate reader.
Online supplemental material. The supplemental text contains detailed clinical case reports. Table S1 shows the humoral response to vaccination in P2, P3, and P4. Online supplemental material is available at http://www.jem .org/cgi/content/full/jem.20120831/DC1.
Immunoblotting. Cells were lysed in 1% NP-40 lysis buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% NP-40, and 0.5% sodium deoxycholate) plus Complete protease inhibitors (Roche) for 30 min on ice. Insoluble material was cleared by centrifugation. Protein concentration was determined by BCA assay (Thermo Fisher Scientific), and 30 mg total protein was separated by SDS-PAGE and subsequently transferred to nitrocellulose membrane. After blocking in 5% milk, membranes were probed with the following Abs: anti-CARD11 (1D12), anti-phospho-IKK-/ (Cell Signaling Technology), anti-Flag (M2; Sigma-Aldrich), anti-IB-, anti-p100/p52 (Santa Cruz Biotechnology, Inc.), and anti--actin (SigmaAldrich). Bound Abs were detected using horseradish peroxidase-conjugated secondary Abs (SouthernBiotech) and enhanced chemiluminescence (ECL; Thermo Fisher Scientific).
Confocal microscopy. Cells adhered to poly-l-lysine-coated slides were fixed for 20 min with 2% paraformaldehyde (Electron Microscopy Sciences) and then permeabilized for 5 min in 0.1% Triton X-100/PBS. After blocking for 30 min in 1% FCS/PBS, cells spots were incubated with the following Abs: anti-CARD11 (Abcam), anti-BCL10, anti-MALT1, and/or anti-p65 (Santa Cruz Biotechnology, Inc.). Cells were washed in PBS and then incubated with goat anti-rabbit secondary Ab conjugated to Alexa Fluor 488 or 568 (Invitrogen) plus a 1:10,000 dilution of Hoechst 33342 (30 min per Ab). After washing in PBS, coverslips were attached with Fluoromount (SouthernBiotech). Fluorescent images were acquired on a confocal microscope (SP5; Leica) using a 63× oil immersion objective.
Statistical analysis. Two-tailed Student's t tests were applied to test whether differences in CARD11 aggregation and p65 nuclear translocation measured by confocal microscopy (n ≥ 3) were significant between normal controls and patient samples. P-values were calculated as follows: percentage of T cells with CARD11 aggregates (C1 vs. C2, P = 0.19; C1 vs. P2, P = 0.05; C1 vs. P3, P = 0.017; C1 vs. P4, P = 0.23; C2 vs. P2, P = 0.008; C2 vs. P3, P = 0.03; C2 vs. P4, P = 0.26), percentage of B cells with CARD11 aggregates (C1 vs. C2, P = 0.57; C1 vs. P2, P = 0.04; C1 vs. P3, P = 0.02; C1 vs. P4, P = 0.008; C2 vs. P2, P = 0.04; C2 vs. P3, P = 0.007; C2 vs. P4, P = 0.01), percentage of T cells with >50% nuclear p65 (C1 vs. C2, P = 0.19; C1 vs. P2, P = 9.42 × 10 4 ; C1 vs. P3, P = 4.76 × 10 4 ; C1 vs. P4, P = 2.9 × 10 4 ; C2 vs. P2, P = 2.30 × 10 6 ; C2 vs. P3, P = 1.23 × 10 4 ; C2 vs. P4, P = 1.58 × 10 6 ), and percentage of B cells with >50% nuclear p65 (C1 vs. C2, P = 0.008; C1 vs. P2, P = 0.014; C1 vs. P3, P = 5.75 × 10 5 ; C1 vs. P4, P = 0.005; C2 vs. P2, P = 9.48 × 10 4 ; C2 vs. P3, P = 5.49 × 10 5 ; C2 vs. P4, P = 5.5 × 10 4 ). For B cell proliferation assays, p-values from Student's t tests were calculated as follows: anti-IgM (controls vs. patients, P = 0.034), anti-IgM + anti-CD40 (controls vs. patients, P = 1.61 × 10 5 ), anti-IgM + BAFF (controls vs. patients, P = 3.17 × 10 5 ), and SAC + IL-2 (controls vs. patients, P = 0.072). For T cell proliferation assays, p-values from Student's t tests were calculated as follows: soluble anti-CD3/anti-CD28 (controls vs. patients, P = 3.97 × 10 4 ) and anti-CD2/3/28 beads (controls vs. patients, P = 0.048; controls vs. P4, P = 1.81 × 10 6 ).
CARD11 transfections. WT CARD11 was cloned into the p3xFLAG expression vector via EcoRI and BamHI. The original WT Venus-CARD11 fusion construct was provided by N. Bidère (Institut National de la Santé et de la Recherche Médicale, Hôpital Paul-Brousse, Villejuif, France). Site-directed mutagenesis to obtain E127G and L225LI CARD11 was performed using specific primers for linear amplification, followed by DpnI digestion of methylated DNA. Mutations were verified by Sanger sequencing (Rocky Mountain
